Strains of Lactobacillus and Bifidobacterium are considered probiotic because of their associated potential health benefits. Probiotics are commonly administered orally via incorporation into food products.
The most commonly used are strains of species of Lactobacillus and
Bifidobacterium.
Microorganisms for probiotic use are faced with stressful conditions at various stages from processing to storage and gut transit, which could affect viability (Lacroix and Yildirim 2007) . Stresses could affect the physiological activity of the probiotic microorganisms, and as a consequence, affect their functionality (Kheadr et al. 2007 ).
There have been several studies about the behaviour and responses of probiotic microorganisms to the various stresses they can be exposed to.
The studies on lactic acid bacteria and bifidobacteria in relation to stress have been mainly in the context of monitoring their survival and viability, and understanding the genes and proteins involved in their stress response, and how these aid their survival of sublethal stress, and their viability.
Research on pathogenic microorganisms suggest that exposure to stressful conditions might aid their virulence. Links have been found between the induction of stress-tolerance responses and increased virulence in pathogens such as Listeria monocytogenes and Salmonella (Gahan and Hill 1999; Begley et al. 2009; Alvarez-Ordonez et al. 2011 ).
To draw a parallel with probiotic microorganisms, it can be proposed that exposure to stress may aid probiotic microorganisms in their functionality, or D r a f t 4 otherwise impede them. This review explores the potential influence of stress on beneficial probiotic properties of lactobacilli and bifidobacteria.
Probiotic carrier products
Probiotics are usually grown to high numbers in industrial growth medium, concentrated, and then frozen or dried by spray-or freeze-drying, to be added to specific carrier products and stored under suitable conditions (Mills et al. 2011; Tripathi and Giri 2014) . Dairy products such as yoghurt and other fermented and non-fermented milks are the most common vehicles for delivering probiotics. This has been suggested to be due to their perceived healthy image historically, as well as consumer familiarity with their live microbial content (Heller 2001 ).
However, there has been development in the area of non-dairy probiotic products, due to increasing consumer demand because of changing consumer tastes and increasing vegetarianism, as well as limitations of dairy products, such as cholesterol content, lactose intolerance, allergies to milk proteins and the requirement for cold storage facilities (Granato et al. 2010b; Ranadheera et al. 2010) .
Probiotics are now being incorporated into drinks such as fruit juices, and are being sold as supplements in tablet, capsule and powder form. There is also research into developing cereal/oat-based, soya-based, confectionery and meat products (Rivera-Espinoza and Gallardo-Navarro 2010; Tripathi and Giri 2014) .
D r a f t 5
For beneficial effects to be achieved, it has been recommended that minimum levels of probiotics around 10 6 -10 7 CFU/ml should be present in the product by the time of consumption/end of shelf-life (Ozer and Kirmaci 2010) .
Daily probiotic intake has been suggested at 10 8 -10 9 CFU, with regular consumption of 100 g/day of product (Granato et al. 2010a; Tripathi and Giri 2014) .
Probiotic selection criteria
Microorganisms intended for use as probiotics are required to meet certain criteria for selection, based on safety, technological and functional characteristics.
Safety is one of the most important selection criteria for bacterial strains which are to be used in the food industry, including probiotics . Microorganisms for probiotic use would preferably be of human origin and isolated from a healthy human gastrointestinal tract, be nonpathogenic and non-toxic (generally recognized as safe), and possess no transferable antibiotic resistance genes (Saarela et al. 2000) . Most bacteria for use in probiotic products have been isolated from humans to increase the likelihood of compatibility with the human gut and its microbiota, and improve chances of survival (Rivera-Espinoza and Gallardo-Navarro 2010). Nonpathogenicity implies that there is no risk of infection or other adverse sideeffects from the consumption of probiotics (Reid 2006 Technological criteria are focused on suitability for large-scale production and incorporation into food products without loss of viability (Lacroix and Yildirim 2007) . Probiotic microorganisms chosen for incorporation into food products should remain alive during the harsh conditions of food manufacture, and during storage of the food product for the shelf-life period (Sanchez et al. 2012) . Many probiotic cultures are produced in dried form, which provides a longer shelf life. As such, the probiotic organisms would have to survive the extremes of osmotic and temperature conditions and the exposure to oxygen that occur during the drying process (Jancovic et al. 2010 ). The conditions during the fermentation process, i.e. biomass production, such as composition of the fermentation medium, harvesting time, growth temperature and fermentation pH may also affect the survival of extreme temperature and stability during storage (Makinen et al. 2012 ). The addition of probiotics to food should also not compromise the sensory attributes of the food product (Sanchez et al. 2012) .
Functional requirements, which are initially determined in vitro, include resistance to acid/gastric acid, resistance to bile, adhesion to the intestinal epithelium and ability to transiently colonize the gut, stimulation of the immune system, and antagonistic activity against pathogens (Ouwehand et al. 1999; Saarela et al. 2000) . Since probiotics are usually administered orally, it is crucial that they survive the acidic conditions of the stomach and the bile secreted into the small intestine (Chou and Weimer 1999 
Mechanisms of probiotic action
Probiotic benefits may occur directly or indirectly by a number of mechanisms. These potential mechanisms revolve around modulation of the intestinal ecosystem, improved colonization resistance and modulation of immune resistance.
The consumption of probiotics, and the transient colonisation which occurs, can influence the composition and activity of the natural gut microbiota and help to maintain a beneficial balance by increasing the population of beneficial bacteria and decreasing the population of harmful microorganisms.
This may be achieved by the production of organic acids or short chain fatty acids, which lower the gut pH, and the production of antimicrobial agents (Baker et al. 2009; Wohlgemuth et al. 2010 ).
Stress and probiotic microorganisms
Stresses faced by probiotic microorganisms may be classified as technological, which occur during preparation of probiotic formulations in large-scale and during storage in the products, or as gastrointestinal, which occur during transit through the human gastrointestinal tract (Ruiz et al. 2011 ). These include acid, bile, osmotic, oxidative, heat and cold stresses which can affect viability and functionality (Zomer et al. 2009) (Table 1) .
D r a f t
Acid stress occurs during passage through the stomach (De Dea Lindner et al. 2007) . The stomach has a low pH due to the presence of hydrochloric acid in gastric juice, and is thus almost sterile (Chadwick et al. 2003) . In addition, the presence or production of lactic and other organic acids in fermented dairy products used for probiotic delivery, owing to fermentation of lactose by lactic acid bacteria, reduces the pH of the milk, thereby creating acid stress (Sanchez et al. 2007a) . Acidic conditions are also encountered in fruit juices (Perricone et al. 2014 ).
Low environmental pH and weak organic acids pose negative implications for bacterial cells, and could cause severe damage. Exposure to low pH conditions, such as strong acid in the stomach, causes a reduction in intracellular pH due to intracellular accumulation of protons (H + ions) from the environment, and also affects transmembrane pH. Undissociated organic acids, including lactic and acetic acid, can diffuse across the cell membrane and dissociate to form H + , thus lowering cytoplasmic pH. These alter the proton motive force, which is necessary for transport processes across the membrane. Acid stress could cause damage to the cell membrane, DNA and proteins, and is one of the most crucial stresses. Thus, acid resistance is one of the criteria for probiotic selection (Corcoran et al. 2008; Wesche et al. 2009 ).
In the small intestine, the presence of bile salts is inhibitory to microbial growth, and thus, low numbers of microorganisms are found (Chadwick et al. 2003) . Bile salts are biological detergents and are found in bile, which is secreted into the small intestine for the emulsification and absorption of fats.
The antimicrobial action of bile is displayed by inducing membrane damage, D r a f t protein misfolding, and causing DNA injury by oxidative shock and low intracellular pH (Sanchez et al. 2007b; Mills et al. 2011 ). Resistance to the lethal action of bile salts is thus crucial for probiotic microorganisms.
Probiotics are commonly grown to high numbers before undergoing drying processes to produce powders which can be added to probiotic products.
During spray-drying, the bacteria are exposed to high temperatures for a Lactobacilli and bifidobacteria are generally microaerophilic and obligate anaerobes respectively. Probiotic bacteria can be exposed to oxidative stress at different stages in their production, such as during fermentation, drying and storage, as well as in the gastrointestinal tract (Corcoran et al. 2008 ). Probiotic microorganisms in yoghurts are exposed to dissolved oxygen as a result of the mixing processes in manufacture which incorporate oxygen in the product, as well as diffusion of oxygen through the packaging materials (Talwalkar et al. 2004 ). Exposure to oxygen has been suggested as one of the reasons for loss in viability of probiotics. This is due to the D r a f t formation of reactive oxygen species (ROS) such as superoxide, hydroxyl and hydrogen peroxide from incomplete reduction of oxygen, which can cause damage by reacting with proteins, lipids and DNA (Corcoran et al. 2008; Li et al. 2010) . Furthermore, in dried cells, oxidative stress can occur due to oxidation of cell components, such as membrane lipid oxidation (Teixeira et al. 1996) . Spray-dried probiotics have been shown to be more susceptible to oxidative stress due to cellular injuries that occur during dehydration (Behboudi-Jobbehdar et al.2013) . Anaerobes lack the enzymes catalase and superoxide dismutase which can decompose and detoxify ROS (Li et al. 2010 ). Tolerance to oxygen and ROS is therefore a desirable characteristic for probiotic microorganisms.
Probiotics are exposed to low temperatures prior to consumption, during production and storage, which can result in cold shock (Corcoran et al. 2008; Wesche et al. 2009 ). Probiotic cultures can be cryogenically frozen, stored and then thawed for use, or freeze-dried, where the cells are frozen at temperatures around -196 °C and dried by sublimation under high vacuum, to produce powders (Maus and Ingham 2003; Mills et al. 2011) . Probiotic dairy products are also usually stored at refrigeration temperatures of 4-5 °C, and low storage temperature has been considered as a reason for loss in viability (Tripathi and Giri 2014 
Osmotic stress may occur during spray-drying and freeze-drying, and may also occur due to the presence of high concentration of salts or other solutes (such as sugars) in food products (Wesche et al. 2009; Hosseini Nezhad et al. 2015) . Drying processes reduce water activity (a w ), thereby leading to an increase in osmotic stress (Prasad et al. 2003) . In the gastrointestinal tract, osmotic stress in probiotics can result from the low a w in the upper small intestine (high osmolarity equivalent to 0.3M NaCl) (Sheehan et al. 2007 ; 
Probiotic stress response mechanisms
Candidate probiotic microorganisms should be able to survive these various stress conditions. Lactic acid bacteria and bifidobacteria have been shown to possess defence mechanisms which aid their survival during exposure to various stress conditions (Corcoran et al. 2008) (Table 1) membrane are induced in the presence of bile, which can reduce the bile salt diffusion rate into the cytoplasm, thus enhancing bile tolerance. Also, a relationship has been observed between bile adaptation and increase in production of bile salt hydrolase enzyme, which is responsible for bile salt deconjugation, though its role is not clear (Sanchez et al. 2010; Ruiz et al. 2011 ).
Heat shock has been widely studied in lactobacilli and bifidobacteria. They can utilize several heat shock proteins, including chaperones such as GroES, GroEL, DnaK and proteases such as HtrA (high temperature requirement), ClpC, ClpP (caseinolytic protease) to combat heat stress.
These are induced by increasing temperatures. Small heat shock proteins, which are ATP-independent chaperones, are also associated with enhanced bacterial survival during exposure to heat stress. They are necessary for growth, stability of DNA and RNA and preventing the formation of inclusion bodies, but not involved in protein re-folding (Mills et al. 2011; Ruiz et al. 2011 ). Lactobacilli and bifidobacteria are unable to accumulate sufficiently high concentrations of Na + or K + to maintain turgor, and they synthesize very low levels of compatible solutes which serve as osmotic balancers. As such, D r a f t transport systems are necessary to take up solutes and enhance osmotic tolerance (Corcoran et al. 2008; Mills et al. 2011 ). Molecular chaperones are also produced under osmotic shock to promote proper protein folding. GroEL and DnaK, which are heat shock proteins, are induced under osmotic shock, thus indicating some overlaps between heat and osmotic stress responses (Prasad et al. 2003) .
Potential influence of stress on probiotic properties

Technological stress
Lactobacilli of the same strain isolated from different product formulations 
D r a f t
None of the aforementioned studies have explicitly linked any of these differences with specific stress conditions. However, Fayol-Messaoudi et al. (2005) showed that the temperature at which Lb. rhamnosus GG was grown in vitro had an influence on its production of antimicrobial substances. A significant reduction in the killing activity of cell-free culture supernatants against Salmonella enterica ser. Typhimurium was observed when Lb.
rhamnosus GG was grown at 32 °C, compared to when grown at 37 °C, despite no significant differences in growth patterns and lactic acid production between both temperatures. This report may suggest a negative effect of temperature stress on the production of bacteriocins or bacteriocinlike inhibitory substances by probiotics during food manufacture, such as in fermented milk products where probiotics are involved in fermentation. This may affect the potential for health benefit, as health benefits may occur not just from the action of ingested probiotics in the gut, but also from the ingestion of metabolites released into the food product during fermentation (Ranadheera et al. 2010; Tripathi and Giri 2014) . This could be feasible if such antimicrobial peptides can withstand conditions of the gastrointestinal tract, as demonstrated by Dicks et al. (2010) .
Similarly, potential probiotic strains of Lb. kefir which had been spray-dried showed significantly decreased capacity for adhesion to the intestinal epithelium and protection against Salmonella invasion. This was despite the absence of detectable membrane damage due to spray-drying, suggesting a possible detrimental effect of heat stress on some cell-surface adhesion structures (Golowczyc et al. 2011 (Ninomiya et al. 2009 ). In contrast, the study of Qian et al. (2011) on some Bifidobacterium spp. demonstrated that cells grown in non-reducing media, and therefore under oxidative stress, showed greater intracellular granule production, in response to oxidative stress, when compared to those grown in reducing media. Furthermore, those grown under oxidative stress showed higher exopolymer production, acid tolerance and cell surface hydrophobicity, which has been positively correlated with adhesion ability to host cells.
Gastrointestinal stress
Acid and bile are the key stresses probiotic microorganisms would be Tet genes code for proteins that protect the ribosomes, which are the target for tetracyclines (Gueimonde et al. 2010) . Therefore up-regulation in the expression of tet(W) observed in these studies may be a protective response to stress conditions affecting ribosomes in bacterial cells, which may consequently enhance tolerance to therapeutic doses of tetracycline.
Adhesion to the intestinal epithelial cells is considered as necessary for probiotic microorganisms to colonize the large intestine, and colonization is important for beneficial health effects such as modulation of the immune system to be observed (Tuomola et al. 2001) . Modifications which occur in the presence of stress may be stress tolerance or response mechanisms, which can in turn impact on the adhesion and colonization potential of probiotic bifidobacteria and lactobacilli. Morphological changes and changes in protein and fatty acid profiles of bifidobacteria under oxygen and bile D r a f t 20 stress have been reported (Ahn et al. 2001; Ruiz et al. 2007 ). Furthermore, the study by Guglielmetti et al. (2009) 
on the adhesion of B. bifidum
MIMBb75 to human intestinal cell lines showed that adhesion was reduced by bile salts as well as low pH. It was suggested that this reduction in adhesion may be due to modifications in the cell surface properties. Similar findings were reported by Haddaji et al. (2015) on the effect of acid stress on membrane properties and adhesion ability of Lactobacillus casei.
Biofilms, i.e. microbial communities embedded in an extracellular polymeric matrix, may develop as a result of adhesion to the intestinal epithelium (Ambalam et al. 2014) . Bile was reported to stimulate biofilm formation in strains of bifidobacteria and lactobacilli, owing to enhanced cell surface hydrophobicity (Ambalam et al. 2012; Ambalam et al. 2014) . Studies of biofilm formation in Lactobacillus rhamnosus GG and Lb. reuteri strains have
shown that lower concentrations of bile (0.05-0.3%) stimulated biofilm formation, while biofilm formation was greatly reduced at increased bile concentrations (<1%). In addition, low pH was found to significantly reduce biofilm formation in Lb. rhamnosus GG while it stimulated biofilm formation in Lb. reuteri strains (Lebeer et al. 2007; Slizova et al. 2015) . Biofilm development may be influenced by alterations in the cell surface due to acid and bile (Lebeer et al. 2007 ). Furthermore, it is possible that the effects of stress on the lag phase of bacterial cells (i.e. extended lag phases) may have an implication on the capacity to form biofilms (Kroukamp et al. 2010) .
Relationships may also exist between stress-tolerant traits and colonization potential. Acid-resistant strains of bifidobacteria showed great adhesion and pathogen displacement capacity (Collado et al. 2006) . DnaK and enolase, (2011) and Sanchez et al. (2013) . However, it is important that stressadapted probiotics are reassessed for their functional properties, as some probiotic traits may be positively or negatively affected as a result .
Encapsulation
Microencapsulation involves encasing the probiotics in a protective outer coating (Ranadheera et al. 2015) . Microencapsulation can enhance probiotic survival during processing, storage and gastrointestinal transit by segregating the cells from harsh environmental conditions. Polymers such as chitosan, alginate, carrageenan, starch, whey proteins, dextrans and inulin are used for encapsulation of probiotic cells (Nazzaro et al. 2012b; Tripathi and Giri 2014) . Encapsulation may not only enhance probiotic survival in terms of numbers, but may preserve functionality by protecting bioactive or effector molecules on the cell envelope of probiotic microorganisms, which are necessary for probiotic effects (de Vos et al. 2010; Lee et al. 2013 ).
Food matrix
Food carriers, such as yoghurt, can aid the survival of probiotics by buffering probiotic microorganisms through the gastrointestinal tract. They may also contain functional ingredients, such as prebiotics, which can interact with probiotics to alter their functionality (Ranadheera et al. 2010) . Lactic acid bacteria strains have been shown to survive in vitro digestion models better in fermented milk than in culture media (Faye et al. 2012; Burns et al. 2014 Different food formulations have also been shown to influence probiotic survival and adhesion ability differently in vitro (Ranadheera et al. 2012 ).
Viability of a Lb. reuteri strain in fruit juices was influenced by the type of fruit juice (Perricone et al. 2014) . Therefore, the type of food matrix must be taken into careful consideration. However, the potential beneficial effect of the food matrix may be lost where probiotics are delivered in non-food forms such as capsules (Ranadheera et al. 2010 ).
Conclusions
Candidate probiotic microorganisms are assessed in a 'native' state, for their ability to tolerate stressful conditions of the gut, as well as for other properties that suggest they would be beneficial (Nivoliez et al. 2012) . From the studies reviewed, there may be both negative and positive/synergistic effects of exposure to stress conditions on beneficial probiotic properties. 
